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Playing a musical instrument demands the engagement of different neural systems.
Recent studies about the musician’s brain and musical training highlight that this activity
requires the close interaction between motor and somatosensory systems. Moreover,
neuroplastic changes have been reported in motor-related areas after short and long-term
musical training. Because of its capacity to promote neuroplastic changes, music has been
used in the context of stroke neurorehabilitation. The majority of patients suffering from
a stroke have motor impairments, preventing them to live independently. Thus, there
is an increasing demand for effective restorative interventions for neurological deficits.
Music-supported Therapy (MST) has been recently developed to restore motor deficits.
We report data of a selected sample of stroke patients who have been enrolled in a MST
program (1 month intense music learning). Prior to and after the therapy, patients were
evaluated with different behavioral motor tests. Transcranial Magnetic Stimulation (TMS)
was applied to evaluate changes in the sensorimotor representations underlying the motor
gains observed. Several parameters of excitability of the motor cortex were assessed as
well as the cortical somatotopic representation of a muscle in the affected hand. Our
results revealed that participants obtained significant motor improvements in the paretic
hand and those changes were accompanied by changes in the excitability of the motor
cortex. Thus, MST leads to neuroplastic changes in the motor cortex of stroke patients
which may explain its efficacy.
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INTRODUCTION
Stroke represents a major cause of death and the most impor-
tant cause of acquired disability in adults of developed countries
(World Health Organization, 2003). In stroke survivors, motor
deficits are present in a majority of patients (Rathore et al., 2002),
leading to limitations in the participation of activities of daily
living and preventing patients to live independently. For this rea-
son, restoration of motor deficits is the target of many different
therapies (Langhorne et al., 2011).
Usually, the rehabilitation process of motor impairments com-
prises different stages. At the beginning, motor function is
assessed through domain-specific measures in order to set goals
with the patient. Subsequently, therapeutic interventions are pro-
vided and, finally, reassessment is performed to ensure thatmotor
improvements have been achieved (Warlow et al., 2008). In prac-
tice, this process is not always evidence-based but many times
guided by the practitioner’s expertise. Thus, there is a necessity
to investigate effective motor rehabilitation therapies to provide
evidence for clinicians (Taub et al., 2002; Cramer et al., 2011;
Langhorne et al., 2011).
Besides their clinical efficacy, rehabilitation techniques may be
validated by evidence for neuroplasticity which is defined as the
capacity of the central nervous system to reorganize its structure,
function and connections in response to internal and external
constraints and goals during learning, development or after injury
(Kolb and Whishaw, 1998; Cramer et al., 2011). Neuroplasticity
may be induced due to therapy as behavior can lead to a reorgani-
zation of representational maps (Nudo et al., 1996; Muellbacher
et al., 2002) as well as intra- and interhemispheric changes and
balance (Chollet et al., 1991; Murase et al., 2004; Grefkes et al.,
2008).
One of the most studied rehabilitation techniques is the
Constraint-Induced Therapy (CIT) (Taub et al., 1993), which
comprises the forced use of the paretic extremity for many hours
a day by restricting movement of the healthy extremity in combi-
nation with shaping techniques. Studies in subacute and chronic
patients have shown improvements in motor function that are
accompanied with cortical reorganization of motor regions evi-
denced by TranscranialMagnetic Stimulation (TMS) (Taub et al.,
1993; Liepert et al., 1998). For example, Liepert et al. (2000)
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reported an expansion of the contralateral cortical area responsi-
ble for arm movements after the application of CIT. It has been
suggested that the success of this therapy may rely on repeti-
tive massed practice of movements performed with the affected
extremity overcoming its learned non-use. Notice that learning
processes feature prominently not only in neurorehabilitation
(Krakauer, 2006) but also in the development of the motor
deficits themselves. For example, patients with a motor deficit of
the right hand will learn to perform movements predominantly
with the (usually non-dominant) left hand. At the same time,
this may lead to additional learned non-use of the right hand. It
is important to develop new therapeutic strategies to overcome
the learned non-use of the affected side, paying special atten-
tion on how to perform specific movements. A way to achieve
this goal could be through techniques where there is a specific
training for patients in activities that could represent the acqui-
sition of new motor skills that could promote brain plasticity
(Dayan and Cohen, 2011). During motor skill learning, massive
practice of movements can reduce kinematic and dynamic exe-
cution errors (Krakauer et al., 1999; Doyon and Benali, 2005).
On the other hand, motor skill training will be more effective if
task variability is introduced in the training program. These vari-
ations could be related to sensorial cues involved in the training
(multimodality) which leads to dynamic sensorimotor readjust-
ments and, consequently, internal motor control models can be
created and generalized to other situations (Conditt et al., 1997).
In this regard, it has been demonstrated that neuroplasticity could
be observed at cortical and subcortical levels due to motor skill
learning (Karni et al., 1995; Nudo et al., 1996; Willingham, 1998;
Draganski et al., 2004; Dayan and Cohen, 2011; Penhune and
Steele, 2012).
One example of a skill involving movements of the hand is
musical instrument playing. The presence of music during motor
learning posits unique and complex demands for the central
nervous system (Zatorre et al., 2007), as playing an instrument
requires the integration of multimodal information (auditory,
visual, and sensorimotor information) (Pantev and Herholz,
2011). During music performance there are feedback and feed-
forward interactions between the auditory and premotor areas
of the cortex. As in other motor skills, motor, premotor, supple-
mentary motor area (SMA), the cerebellum and the basal ganglia
are involved in musical motor performance (Lotze et al., 2003;
Meister et al., 2004). In addition, the sound of the instrument
processed by the auditory cortex can be used to readjust move-
ments leading to interactions between the auditory and motor
systems (Zatorre et al., 2007). Compared to other sensorimo-
tor activities, music learning involves the integrated activity of
motor and auditory systems. Furthermore, because of the conse-
quent and consistent auditory feedback (Zatorre, 2003), correc-
tion of errors in timing, strength and position of the movement
is possible. Studies with functional Magnetic Resonance Imaging
(fMRI) exploring professionalmusicians and non-musicians have
demonstrated that musical training leads to structural and func-
tional changes in motor regions of the brain, especially those
involving auditory and sensorimotor cerebral networks (Gaser
and Schlaug, 2003; Bengtsson et al., 2005; Bangert et al., 2006;
Baumann et al., 2007; Hyde et al., 2009; Herholz and Zatorre,
2012; Steele et al., 2013). For instance, in healthy subjects, motor
cortex was explored with TMS when participants were trained
to play the piano showing an enlargement of the cortical rep-
resentation of the hand after the training (Pascual-Leone et al.,
1995). Therefore, learning to play the piano is an example of
a music making activity that requires repetitive massed prac-
tice and entails variations in the training task (i.e., movement
sequences), involving complex coordination. Moreover, playing
the piano engages different regions of the brain and could be asso-
ciated with structural and functional brain changes. Beyond the
plasticity in motor regions associated to music making, studies
investigating the effects of music listening as a rehabilitative inter-
vention have revealed improvements in cognition and emotional
factors (Särkämö et al., 2008; Särkämö and Soto, 2012). These
findings add value to the interventions based on motor learn-
ing using music making because their possible impact in other
cognitive and emotional domains aside from the expected motor
improvements.
Recently, Schneider et al.(2007, 2010) have developed Music-
supported therapy (MST) to restore motor function after stroke.
In this therapy, patients are trained to play a MIDI piano and/or
an electronic drum set that produces piano tones, involving
fine and gross movements, respectively. MST has been tested
in stroke patients showing improvements in the execution of
movements revealed by an increase in the scores of behavioral
motor tests after the application of MST (Schneider et al., 2007,
2010; Altenmüller et al., 2009). A recent study about a single
chronic stroke patient showed that MST can lead to improve-
ments in motor function after 2 years since stroke. Gains in
motor function were accompanied by changes in motor cor-
tex excitability (evaluated using motor mapping TMS) with an
expansion of the cortical representation of the hand and by acti-
vation changes in fMRI (Rojo et al., 2011; Rodríguez-Fornells
et al., 2012). In addition, Amengual et al. (2013) have reported
evidence from a group of chronic patients that have been treated
with MST. Patients improved their motor function as well as
an increase of the excitability of the motor system was encoun-
tered. Moreover, gains in motor performance were correlated
with changes in the cortical representation of a muscle of the
paretic hand.
In the present study, MST was administered to stroke patients
with hemiparesis of the upperlimb to restore their motor func-
tion. Thus, the aim of the present study is to investigate improve-
ments in motor function in subacute stroke patients and whether
this restoration is accompanied by neuroplastic changes in the
sensorimotor cortex.
METHODS
PARTICIPANTS
Nine right-handed stroke patients with an impairment of motor
function of one arm following a stroke participated (3 women,
mean age 61.8 ± 9.8 years, years of education 10.8 ± 8). Inclusion
criteria were: (1) less than 6 months after stroke, (2) mild-to-
moderate paresis of upper extremity, (3) ability to move the
affected arm and the index finger without help of the healthy side,
(4) Barthel Index score over 50, (5) no major cognitive deficit,
(6) no neurological or psychiatric co-morbidity. Table 1 presents
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Table 1 | Demographic data of patients.
Subject Age Gender* Affected
hemisphere*
Etiology* Localization of stroke Time since
stroke
(months)
MRCS* PRE Barthel index
1 72 M R I Putamen, globus pallidus and
partial damage to the head and
body of the caudate nucleus.
Anterior and superior portion of
the anterior limb of the internal
capsule and corona radiata.
3 5− 80
2 63 F R I Lenticular nucleus, body of the
caudate nucleus and corona
radiata.
2 4− 70
3 59 M L I Cortical and subcortical parietal
regions (extreme portion of the
superior postcentral gyrus)
slightly extended to the
surrounding white matter.
1 5− 100
4 63 M R H Lenticular nucleus, internal and
external capsule and deep
temporal regions.
2 4 100
5 52 M L I External capsule. 2.5 4+ 100
6 68 M R I Subcortical damage located in
paraventricular regions and
semioval center.
4.5 3 100
7 76 F R I Extensive cortical damage to
frontotemporoinsular regions
extended to subcortical areas
including the semioval center and
corona radiata.
4 4 60
8 60 F R I Anterior frontal cortex, basal
ganglia including the body of the
caudate nucleus and the
capsular-lenticular region.
5 4 100
9 44 M R I Frontal regions comprising the
inferior extreme of the lateral
fissure and the superior
precentral gyrus.
2.5 4+ 100
Mean/SD 61.8/9.8 6M/3F 7R/2L 8I/1H 2.9/1.3 4.1/0.6 88.8/16.7
*M, male; F, female; R, right; L, left; I, ischemic; H, hemorrhagic; MRCS, Medical Research Council Scale for Muscle Strength.
individual demographic data and Figure 1 illustrates the lesion
for each patient.
Besides, a matched sample of 9 healthy participants (2 women,
mean age 59.3 ± 9.5 years, education 12.2 ± 7 years) composed
the control group. Participants in this group were right-handed
and without any history of stroke or other neurological or
psychiatric disease. They were evaluated in two different time
points in order to control repeated imaging testing effects
(Johansen-Berg, 2012) and did not receive any training between
evaluations.
The study was approved by the Committee of Ethics for
Clinical Research of the Hospital Universitari de Bellvitge and
fulfilled the standards set by the Declaration of Helsinki. All
participants signed an informed consent form explaining the
purpose of the study and all procedures.
MUSIC-SUPPORTED THERAPY
During 4 weeks, patients received 20 individual MST sessions
of 30min each. A MIDI-piano and an electronic drum set were
used to train fine and gross movements, respectively. For the
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FIGURE 1 | Representative axial Magnetic Resonance and Computed
Tomography images of the patients. Arrows show the approximate
location of each lesion (patient codes are according to the order in Table 1).
MIDI-piano, only 8 white keys (G, A, B, C, D, E, F, G′) were used,
whereas the electronic drum set comprised 8 pads of 20 cm diam-
eter designated by the numbers 1–8 and programmed to emit
piano sounds. During the different sessions, patients had to pro-
duce tones, scales and play some simple melodies according to
a modular training regime with stepwise increase of complexity
(Schneider et al., 2007, 2010). Exercises were adapted to the needs
of the individual patient in difficulty and were first shown by the
therapist.
EVALUATION
Before and after the MST program, patients were evaluated with
regard to their motor function and quality of life. In addi-
tion, TMS was performed. Participants in the control group
underwent the same evaluation as patients but were not eval-
uated for quality of life. The second evaluation of the control
participants was done between 30 and 40 days after the first
assessment.
Evaluation of motor function
Motor function was assessed using the Action Research Arm Test
(ARAT), Arm Paresis Score, Box and Block Test (BBT) and the
Nine Hole pegboard Test (9HTP):
(1) ARAT: Patients are assessed for different movements of both
upper extremities within four subtests: grasp, grip, pinch,
and gross movement which are composed by different items.
Scores describe the quality of movement execution with the
maximum score being 57 (Carroll, 1965; Lyle, 1981).
(2) Arm Paresis Score: Patients are asked to perform 7 move-
ments with either the affected hand or both hands. The
maximum score is 7 (Wade et al., 1983).
(3) BBT: In this test, patients have to move as many small cubes
placed in one compartment of a box to a second compart-
ment within 1min. The number of moved cubes is scored
(Mathiowetz et al., 1985).
(4) 9HPT: Patients are asked to place 9 rods (32mm long, 9mm
diameter) into holes of 10mm dimeter. Scores are given
depending on the time needed to accomplish the task (Parker
et al., 1986).
Evaluation of quality of life
The Stroke-specific Quality of Life scale (Williams et al., 1999),
which is a disease-specific measure of health-related quality of
life, was administered to test if MST improved the quality of
life of patients. It comprises 12 domains evaluating energy, fam-
ily roles, language, mobility, mood, personality, self-care, social
roles, thinking, upper extremity function, vision, and productiv-
ity. Each domain contains different items asking the patient the
amount of help required, trouble experienced doing tasks, and
the degree of agreement with statements about functioning. The
minimum/maximum possible scores are 49/245.
Evaluation of cortical excitability
TMS was applied using a 70mm figure-of-8 coil attached
to a Magstim Rapid 2 Stimulator (Magstim Company,
Carmathenshire, Wales). The primary motor cortex (M1)
was stimulated in a single pulse protocol to elicit motor-evoked
potentials (MEPs) from the first dorsal interosseous (FDI).
Using surface Ag/AgCl disk electrodes in a belly-tendon mon-
tage, electromyographic (EMG) activity from the contralateral
FDI was recorded for a total of 700ms including a 100ms
pre-stimulus window (Medelec Synergy, Oxford Instruments,
Pleasantville, NY, USA). The EMG signal was sampled at 5 KHz
and band-pass filtered at 1–1000Hz. Data was exported for
off-line analysis using specialized software (Matlab, Mathworks,
Natick, MA, USA).
To allow simple identification of stimulation sites, partici-
pants wore an elastic cap in which Cz location was marked
(international 10/20 EEG positioning system). A grid of 10 × 10
spots was drawn (Cz was centered in the vertex) and the dif-
ference from one spot to the other was 1 cm. In this grid there
were two perpendicular axes where the x-axis is horizontal and
the y-axis is vertical (two-dimensional, Cartesian coordinate sys-
tem). Stimulation sites were defined following x and y axes and
becoming coordinates (x, y) in the grid (Amengual et al., 2013).
To increase the between-session reliability, a single cap was
used per participant in both evaluations. The TMS coil was placed
tangentially to the corresponding grid location, with the handle
pointing backwards (in a lateral to medial and caudal to rostral
position) ∼45◦ lateral from the midline.
Both hemispheres were tested to assess the excitability of the
corticospinal pathway using the following parameters: coordi-
nates of Hot Spot, resting motor threshold (RMT), active motor
threshold (AMT) (Rossini et al., 1994), cortical silent period
(CSP) (Liepert et al., 2005), peak-to-peak amplitude, motor map
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area and volume, and the coordinates of the center of gravity
of the map (CoGx and CoGy) (Wassermann et al., 1992; Byrnes
et al., 1999; Amengual et al., 2012, 2013). Below, a further descrip-
tion of each parameter is provided for better understanding.
TheHot Spot is defined by the coordinates yielding the highest
MEP in the target muscle. RMT is defined as the lowest stimulus
intensity needed to evoke a visible MEP (>50µV) in 50% of 10
trials from the relaxed target muscle. On the other hand, AMT is
defined as the minimum stimulus intensity that produces a visible
MEP (>200µV) in 50% of 10 trials during isometric contrac-
tion of the target muscle (Rossini et al., 1994). RMT and AMT are
expressed in percentage of maximum stimulation intensity.
The CSP is defined as an interruption of voluntary muscle
contraction in response to a TMS pulse (Hallett, 2007). CSP
is obtained by applying a suprathreshold TMS pulse (150% of
RMT) when the target muscle is preactivated at 10% of its maxi-
mum voluntary strength. The EMG typically shows a suppression
of the muscle activity which lasts between 100 and 300ms in
healthy subjects. Cortical inhibition is thought to be responsible
for the generation of the CSP but spinal inhibitory mechanisms
may contribute to the first part of the CSP (Wassermann et al.,
2008). The end of the CSP, defined as a return of EMG activity to
baseline, is measured in ms.
MEPs peak-to-peak amplitudes, expressed in µV, were
obtained at the Hot Spot as the mean of 5 consecutive stimula-
tions at 125% of RMT (Rossini et al., 1994).
To obtain a motor map of the FDI, we recorded 5 MEPs from
each different position in the grid at 125% of RMT. The map was
generated by plotting peak-to-peak MEP amplitudes at each grid
location (Wilson et al., 1993; Byrnes et al., 1999). The area of
the map was considered as the number of excitable scalp points
(Liepert et al., 1998). As the difference between each spot in the
grid was 1 cm, each active spot (MEPs >50µV) was accounted
as 1 cm2 of the area of the motor map. The volume of the map
was calculated dividing the sum of the amplitudes of the motor
map by the area of the map (µV/cm2). The center of gravity
(CoG) was considered as the amplitude-weighted coordinates of
the map (Wassermann et al., 1992). The coordinates of the CoG,
named CoGx and CoGy , indicate the position of the spot in the
horizontal x-axis and the vertical y-axis of the grid.
Unfortunately, 3 patients were not eligible for TMS because of
severe heart disease (Rossi et al., 2009).
ANALYSIS
Each patient was paired with a control participant. The control
participant’s hemisphere corresponding to the affected hemi-
sphere of the patient was considered for comparison. Thus, the
hemisphere that is considered as affected in controls is the right
with the exception of controls for Patients 1 and 5 who have
their lesion in the left hemisphere. Then, for these two con-
trols the hemisphere that is considered as the affected is the
left. We performed an exploratory analysis across all parameters
in order to identify which TMS variables showed an interactive
effect between Group (patients and controls). We used non-
parametric test due to the reduced sample size. To this aim, we
computed the difference between both evaluations (Post-MST
evaluation minus Pre-MST evaluation) for each parameter and
applied the Mann–WhitneyU-test between controls and patients
to this difference. The rationale behind this analysis is that only
those measures that are affected or sensitive to the treatment will
show differences between groups. Notice that this type of anal-
ysis was not carried out for the motor performance measures
due to the ceiling effects of the control group in these mea-
sures. For the motor assessment and when we found differences
between groups in TMS parameters, wemeasured the significance
of change between pre-MST and post-MST evaluation using the
Wilcoxon signed-rank test. The statistical significance was set to
0.05. Finally, we computed the magnitude of the effect size (r)
using the criteria stated by Cohen (1992), where a value of 0.10
is a small effect, a value of 0.30 is a medium effect and 0.50 is a
large effect.
RESULTS
EVALUATION OF MOTOR FUNCTION
Results for the ARAT, Arm Paresis Score, BBT and Nine Hole
Pegboard Test are summarized in Table 2. As participants in the
control group showed maximal scores at the first evaluation, no
improvement can be found in this group. In patients, significant
improvements were found for the ARAT overall score (T = 0,
p = 0.008, r = −0.62), the Arm Paresis Score (T = 0, p = 0.038,
r = −0.48) and the BBT score (T = 1.5, p = 0.012, r = −0.58).
No differences were observed between pre- and post-MST in the
9HPT score.
EVALUATION OF QUALITY OF LIFE
In patients the score of the Stroke-specific Quality of Life scale
improved from 160 (±32.5) to 194 (±38.2) (T = 5, p = 0.038,
r = −0.48).
EVALUATION OF CORTICAL EXCITABILITY
As stated above, only six patients were assessed in the TMS evalu-
ation. In addition, during the pre-therapy evaluation, one subject
did not show MEP responses for the FDI of the affected hand.
However, MEP responses for this muscle were observed after the
therapy. Consequently, onlymotor thresholds were considered for
this subject as a dependent variable of the affected hemisphere
for the statistical analysis. It was not possible to perform the rest
of the measurements in this subject. Table 3 shows values of the
parameters assessed in each group and hemisphere across time.
A summary of the Mann–Whitney U-test comparing differ-
ences between groups in each parameter (measurements obtained
subtracting post- minus pre-evaluation) is shown in Table 4.
Table 2 | Results of the motor tests (Mean, SD).
Motor test Patients Controls
Pre-MST Post-MST Pre Post
ARAT*b 37.7 (21.8) 45.5 (5.35) 57 (0) 57 (0)
Arm paresis score*a 5 (2.5) 5.7 (1.8) 7 (0) 7 (0)
BBT*b 28.4 (19.5) 33.7 (23.09) 62.2 (10) 68 (8.6)
9HPT 4.7 (4.1) 4.7 (3.8) 9 (0) 9 (0)
aMedium to large effect size; bLarge effect size; *p < 0.05.
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Table 3 | TMS measurements (Mean/SD).
Affected hemisphere Unaffected hemisphere
Patients Controls Patients Controls
Pre-MST Post-MST Pre Post Pre-MST Post-MST Pre Post
RMT 69.5 66.8 70.7 71.6 54.3 56.1 66 68
(17.6) (15.7) (12.6) (10.9) (13) (15.1) (12.1) (10.6)
AMT 62.1 56.1 53.4 55.4 46.3 44 48.6 50
(20.3) (15.1) (11.7) (11.5) (9.7) (10.6) (11.7) (9.4)
CSP 306 377 212.3 219.8 217.3 215.5 232.8 241.6
(168.3) (185.6) (59.6) (51.9) (62.1) (59.2) (55) (46.3)
MEP amplitude 389.4 361.8 1161.2 996.6 870.8 1114.8 1102.5 1173
(238.4) (296.7) (919.6) (876) (786.8) (1321.2) (876) (1293.9)
Mapping area 18.4 20 18.8 15 15.3 16.3 15.7 16.1
(6.1) (7.5) (5.4) (5.2) (5.3) (6.5) (5.3) (5.7)
Mapping volume 9.6 10.9 7.6 6.6 7 7 6.8 6.8
(4.8) (5.9) (1.7) (1.9) (2.4) (3.7) (1.8) (2.3)
CoGx 6.2 6.1 5.5 5.2 5.8 5.8 6.4 6.4
(1.4) (1.3) (0.6) (0.4) (0.7) (0.6) (0.8) (0.9)
CoGy −1.6 −0.7 −1.6 −1.6 −1.2 −0.4 −1.6 −1.6
(1) (1.1) (0.6) (0.4) (1.1) (1.1) (0.6) (0.4)
For the RMT and AMT values represent the intensity of stimulation (from 0 to 100%). The CSP is considered in ms and the MEP amplitude in µV. The area of the
map is considered in cm2 and volume in µV/cm2. The CoG is expressed in coordinates (CoGx for the x-axis and CoGy for the y-axis).
Table 4 | Significance of Mann–Whitney U-test comparisons between
groups for the TMS measurements obtained subtracting post- vs.
pre-treatment measurements.
Affected hemisphere Unaffected hemisphere
U z p U z p
RMT 17.5 −1.12 0.260 27 0.00 1
AMT 7 −2.36 0.018* 14 −1.54 0.122
MEP amplitude 17 −0.73 0.463 21 −0.70 0.480
CSP 16.5 −0.80 0.423 20.5 −0.26 0.789
Mapping area 3 −2.61 0.009* 10 −1.68 0.092
Mapping volume 14 −1.13 0.257 14 −1.13 0.257
CoGx 18 −0.60 0.544 18 −0.60 0.548
CoGy 6 −2.20 0.028* 7 −2.06 0.039*
*p < 0.05.
We did not find any difference in RMT between groups and
across time. However, we found a significant between-group
difference in the change of the AMT of the affected hemi-
sphere between both evaluations (U = 7, z = −2.36, p = 0.018,
r = −0.60). Conversely, we did not find differences between
both groups in the change of the AMT in the unaffected hemi-
sphere (U = 14, z = −1.54, p = 1.12, r = −0.39). Comparisons
in patients between pre-MST and post-MST evaluation revealed
a significant reduction of the AMT in the affected hemisphere
(T = 0, p = 0.042, r = −0.58), but no changes were observed in
the unaffected hemisphere (T = 2.25, p = 0.207, r = −0.36) in
patients. No changes in AMT were observed in controls in both
hemispheres (p > 0.15 for both comparisons). Any difference
was found between groups, time and hemispheres for the CSP.
Figure 2 shows the results of RMT, AMT, and CSP.
Regarding to the measurements of the motor map, we found a
significant between-groups difference in the area of the map sus-
tained by a reduction in the post evaluation in controls (T = 0,
p = 0.018, r = −0.79). No differences were found for the ampli-
tude of the MEP and volume of the map. Figure 3 shows the
results of MEP amplitude, area and volume of the motor map.
However, we found a significant between-group effect in the shift
of the CoGy of the affected hemisphere (U = 6, z = −2.20, p =
0.028, r = −0.56) and in the unaffected hemisphere (U = 7, z =
−2.06; p = 0.039, r = −0.55). Later comparisons only showed a
significant posterior shift of the CoGy of the affected hemisphere
in patients (T = 0, p = 0.043, r = −0.64) and no changes were
observed in the unaffected hemisphere (T = 1, p = 0.080, r =
−0.50). No changes in CoGy were observed in controls in both
hemispheres (p > 0.5 for both comparisons). Figure 4 illustrates
the displacement of the motor map in the affected hemisphere
and Figure 5 shows the affected motor map of the cortical repre-
sentation of the FDI muscle of the patients, before and after the
therapy.
DISCUSSION
MST program improvedmotor function and quality of life of nine
stroke patients accompanied by changes in the organization of
the sensorimotor cortex, evidenced by a decreased AMT and a
displacement of the motor map (CoGy).
Reduction of motor deficits was reflected by improvements in
the ARAT, Arm Paresis Score and BBT test. These results are in
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FIGURE 2 | Results of the RMT, AMT, and CSP measures for both
hemispheres of patients and controls. For the control group, the
hemisphere that is compared to the affected in patients is the one
corresponding to their matched participant in the patient’s group. The RMT
and AMT are expressed in percentages of stimulation intensity. The CSP is
accounted in ms. The AMT of the affected hemisphere decreases in
patients after the MST-program (p = 0.042). For the RMT and CSP no
differences were found in any group (∗p < 0.05).
congruence with previous studies validating the application of
MST in stroke patients (Schneider et al., 2007, 2010; Altenmüller
et al., 2009; Rojo et al., 2011; Amengual et al., 2013). As motor
function was evaluated using motor test independent of and
different from the music performance trained in the MST this
argues clearly for generalization of the effects of MST to every-
day movements. This is critical for a more widespread clinical
application.
When playing the piano, patients have to perform fine move-
ments with the affected hand to press the key in order to
elicit the tone. This sensory feedback is thought to be essen-
tial in the success of the therapy (Rodríguez-Fornells et al.,
2012) as patients have to readjust their movements in terms
of temporal and spatial organization, coordination according to
the rhythm, force and velocity. This idea is also in agreement
with the essential role of audio-motor interactions in music
processing (Zatorre et al., 2007) and the potential increase of
plasticity when using multimodal learning paradigms (Lappe
et al., 2008; Wan and Schlaug, 2010; Pantev and Herholz,
2011; Herholz and Zatorre, 2012). Furthermore, working with
scales, tones and melodies allows a wide range of different
sequences giving the task a greater variability. Such task variations
enhance the creation of internal models which might be cru-
cial to generalize motor skill learning to other different situations
(Conditt et al., 1997).
FIGURE 3 | Results of the MEP amplitude, area, and volume of the
TMS motor mapping for both hemispheres of patients and control
participants. For the control group, the hemisphere that is compared to
the affected in patients is the one corresponding to their matched
participant in the patient’s group. The MEP amplitude is expressed in µV,
the area in cm2 and the volume in µV / cm2. For the MEP amplitude, no
differences between groups and across time were encountered. However,
control participants seem to show larger amplitude on the elicited MEPs.
Regarding to measurements of mapping, no differences were found in the
area and volume when comparing groups and across time (∗p < 0.05).
While the improvement on motor tests seen here suggests a
generalization to movements important for everyday tasks this
conclusion needs to be substantiated. Gains in hand function in
terms of greater strength and dexterity contribute to improve-
ments in the functional use of the hand (Harris and Eng, 2007;
Wolf et al., 2008) which in turn diminishes the level of disabil-
ity and improves social participation (Carod-Artal et al., 2000;
Wolf et al., 2008). However, improvements in motor function
can take several months to become apparent in activities of daily
living (Winstein et al., 2004). When validating new neuroreha-
bilitation techniques it is crucial not only to test their efficacy,
known as the degree to which the intervention affects functional
outcome measures, but also to assess their effectiveness and how
the therapy its influencing the quality of life (Nadeau, 2002). At
this time, we only have results from the Stroke-Specific Quality
of Life test where patients reported better quality of life. Future
studies should include a follow-up evaluation and a compressive
assessment of basic and instrumental activities of daily life, taking
into account information from patients and caregivers.
Regarding to the motor threshold, AMT was decreased after
the therapy showing a change in excitability of motor cortex. It
has been postulated that motor thresholds could decrease during
motor skill learning although this could be reestablished when
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FIGURE 4 | Displacement of the CoG for the contralateral maps of the
FDI after the MST program for the affected hemisphere of patients and
controls. For the control group, the hemisphere that is compared to the
affected in patients is the one corresponding to their matched participant in
the patient’s group. This figure symbolizes the grid where motor maps
were drawn and each arrow represents one participant. The beginning of
the arrow shows where the CoG (expressed in coordinates x, y) was in the
pre-MST evaluation and the tip of the arrow indicates the position of the
CoG in the post-MST evaluation. We found a significant shift toward more
posterior areas in patients after the MST program.
the skill becomes overlearned (see for example, Pascual-Leone
et al., 1995; Pearce et al., 2000). An inter-hemispheric asym-
metry in motor thresholds has been described after unilateral
damage to the corticomotor pathways (Groppa et al., 2012).
In stroke, motor thresholds are increased in the affected hemi-
sphere suggesting that cortical neurons increase their thresholds
for excitation (Traversa et al., 1998; McConnell et al., 2001). RMT,
measured at rest, depends on the excitability of presynaptic neu-
rons to the corticospinal tract, the excitability of synapses at the
cortex between excitatory inputs and corticospinal cells and the
synaptic strength between the pyramidal neurons of the corti-
cospinal tract and the motoneurons in the spinal cord (Talelli
et al., 2006). Differently, AMT, measured when the muscle is
contracted voluntarily by the subject, mainly depends on the
membrane excitability, since synapses are pre-activaded due to
the contraction of the muscle. Therefore, changes in AMT might
explain specific regulation of the excitability at cortical level rather
than spinal. A reduction in AMT therefore might signal func-
tional recovery, as less intense stimulus-pulses elicit MEPs during
tonic voluntary activity (Kobayashi and Pascual-Leone, 2003).
Differences in CoGy showed changes of the motor map in
terms of a posterior displacement in the vertical axis of the map.
Functional motor recovery correlates with the reorganization of
pyramidal neurons in the somatosensory cortex of the affected
hemisphere (Pekna et al., 2012). Cortical motor output zones can
expand to adjacent areas (Nudo and Milliken, 1996; Karl et al.,
2001) and this displacement is associated with successful motor
recovery (Jaillard et al., 2005). The posterior displacement of
activation we encountered suggests reorganization of the motor
representations. In their study validating the MST in a group
of chronic patients, Amengual et al. (2013) reported a shift in
CoGx, the coordinate of the CoG that represents the horizon-
tal axis of the map, which demonstrates cortical reorganization
after the MST program. Similar findings, albeit outside of the
context of MST, have been reported by Pineiro et al. (2001)
and Calautti et al. (2003). It has been seen that repetitive motor
training, which is based on the repetition of an active motor
sequence, does not produce functional reorganization of corti-
cal maps (Jaillard et al., 2005) whereas motor skill acquisition, the
process by whichmovements are executed more quickly and accu-
rately with practice to accomplish a functional objective, leads
to changes in the representation of a muscle in the motor cor-
tex (Willingham, 1998; Nudo, 2006). This in turn suggests that
the characteristics of MST are especially suited to induce motor
plasticity.
Previous studies evaluating the size of the motor maps after
training in healthy participants (Pascual-Leone et al., 1994, 1995)
and in stroke patients (Liepert et al., 1998, 2000) described an
increase in the number of cortical sites responding to a tar-
get muscle (Pekna et al., 2012). We did neither find changes in
the area and volume of motor maps nor on the CSP and MEP
amplitude measures after MST. One reason for this lack of find-
ings in the area and volume of motor maps from patients might
be the small sample size used. Future studies should therefore
include more patients to confirm the MST effects on the reor-
ganization of the sensorimotor cortex. Such larger scale studies
should also differentiate between patients with cortical and sub-
cortical lesions and lesions of the dominant vs. non-dominant
hemisphere. Neuroimaging techniques, especially fMRI and brain
connectivity analysis should also be included for complement-
ing this information. Moreover, an important limitation of the
study is the lack of a control group of patients. In the present
study only a healthy control group was evaluated to reject the idea
that changes in the excitability of the sensorimotor cortex are due
to systematic time-dependent effects or possible brain changes
over time (Johansen-Berg, 2012). Contrary to the expectations,
we found that the area of the motor map was reduced in healthy
participants. We could not clarify this point as we did not control
if those participants did any type of motor learning during the
pre and post evaluation that would explain changes in the area
of the motor map (Pascual-Leone et al., 1994). For that reason,
this effect limits the conclusions of the present study. Other
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FIGURE 5 | Cortical motor maps for the first dorsal interosseous
(FDI) muscle of the affected hand before and after the MST for 5
patients (P1, P3, P4, P5, and P7). Values are normalized for each patient
according to their maximum MEP amplitude (µV ). Moreover, we added
units in the part of the manuscript describing the TMS protocol and we
improved the definition of each parameter of TMS.
studies have shown the benefits of MST comparing two groups
of patients with different interventions, MST and conventional
treatment (Schneider et al., 2007; Altenmüller et al., 2009). These
designs are more appropriate and will be necessary in future stud-
ies when evaluating the effects of MST on the brain plasticity in
stroke patients.
Finally, it is worth mentioning that music always entails emo-
tion. Its emotional value might be important for the accep-
tance of the therapy program and its efficacy (Schneider et al.,
2010). It has been suggested that neuroplasticity depends on
the motivational value of the activity (Sanes and Donoghue,
2000). Therefore, the creation and validation of new thera-
pies and their application into clinical practice should take
emotional and motivational factors into account with the
introduction of meaningful activities in the neurorehabilitation
process.
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